ABSTRACT. Unveiling the genetic architecture of grain yield and yieldrelated traits is useful for guiding the genetic improvement of crop plants. Kernel row number (KRN) per ear is an important yield component, which directly affects the grain yield of maize. In this study, we constructed a set of 130 chromosome segment substitution lines (CSSLs), using Nongxi531 as the donor parent and H21 as recipient parent, by continuous backcrossing and selfing. In total, 11 quantitative trait loci (QTL) were detected for KRN by stepwise regression under 3 environmental settings, with 9.87-19.44% phenotypic variation being explained by a single QTL. All 11 QTL were also detected by single-factor ANOVA across the 3 environments tested. Of these 11 QTL, 4 were identified across more than 2 environments, indicating that they are authentically expressed under different environments to control the formation and development of KRN in female maize inflorescences. The CSSLs harbored a greater number of favorable alleles for KRN compared to the H21 line, and could be employed as improved H21 lines in maize breeding programs.
INTRODUCTION
Maize is the most important source of calories for humans, in addition to providing an important source of energy, because its abundant carbohydrates may be converted into ethanol. As a result, there is intense pressure to improve maize grain yields to meet the rapidly expanding global demands for maize-derived food, feed, and fuel (Rosegrant et al., 2001) . To improve the grain yield of maize, better knowledge about the genetic basis of yield traits is the premise for establishing breeding program. However, maize grain yield is a complex trait, which is genetically controlled by numerous quantitative trait loci (QTL) with minor genetic effect, which is also compounded by extensive interactions among QTL and between QTL and the environments (Xu, 2010) . Thus, this genetic complexity has inhibited our ability to develop a good understanding about the genetic basis of maize, leading to minimal progress towards improving maize grain yields through the direct manipulation of QTL. An alternative strategy for elucidating the genetic architecture of grain yield is dissecting complex grain yield traits into relatively simple yield components, and then combining all of the genetic information underlying these yield components to elucidate the genetic basis of grain yield. Kernel row number (KRN) is one of the important yield components that show a significantly positive correlation with grain yield. Therefore, the identification and cloning of QTL associated with KRN is particularly useful for determining the genetic basis and guiding the genetic improvement of grain yield of maize.
Classical QTL mapping populations are derived from bi-parental crossing, such as F 2:3 families, backcross populations, recombinant inbred lines, and double haploids. Chromosome segment substitution line (CSSL) or introgression line (IL) populations may be used as a superior way for the identification and fine-scale mapping of QTL. The first set of CSSLs was constructed and employed for the fine-scale mapping of fruit size QTL fw2.2 in tomato (Paterson et al., 1990; Eshed and Zamir, 1995; Frary et al., 2000) . Subsequently, many CSSL populations have been reported in a diverse range of plant species, such as rice (Li et al., 2005; Zeng et al., 2006; Marzougui et al., 2012) , soybean (Yamanaka et al., 2005) , and barley (Von Korff et al., 2004) . Szalma et al. (2007) constructed a set of ILs in maize to detect QTL underlying maize flowering time, plant height, and ear height, by introgressing chromosome segments of TX303 to the B73 genome. In another study, Bai et al. (2010) detected a set of QTL for plant height and ear height using 98 ILs derived by Zong3 x HB522, from which it was confirmed that the non-additive action was the major genetic basis of both plant height and ear height. Most of the initial studies showed that CSSL or IL populations are more effective for QTL identification compared to populations derived from bi-parental F 2 . This difference arises because of the absence of a complex genetic background and because the introgressed segments are the major source of genetic variation compared to the recipient parent (Paterson et al., 1990; Kaeppler, 1997; Szalma et al., 2007) .
More than 100 QTL have been mapped on the whole genome of maize for KRN over the last 20 years, using different mapping populations subject to different environments (Veldboom et al., 1994; Ribaut et al., 1997; Upadyayula et al., 2006; Ma et al., 2007; Lu et al., 2010; Brown et al., 2011; Liu et al., 2012) . Lu et al. (2010) detected 13 QTL for KRN in 7 environments using 397 F 2:3 families with a major QTL being detected on chromosome 7 across all environments. Zhao et al. (2011) identified 10 QTL for KRN in 2 sets of introgression lines, with 2 of the QTL being detected across 2 environments. More recently, Brown et al. (2011) surveyed the inflorescence traits of maize by linkage analysis and genome-wide association analysis in a NAM population, which led to the identification of 36 KRN-associated QTL and 261 SNPs. In this study, we constructed a CSSL population by continuously backcrossing and self-crossing, in combination with molecular marker assisted selection. As a result, a set of QTL for KRN was identified under 3 environments.
MATERIAL AND METHODS

Population construction
Two elite inbred lines Nongxi531 and H21 were employed as donor and recurrent parent, respectively. Nongxi531 and H21 had significantly different genetics and phenotypes. Nongxi531 is the female parent of an elite hybrid Nongdan5 in China. It has 18-20 kernel rows and a high seed-producing percentage. Genetically, this inbred line belongs to the Reid heterotic group. In comparison, H21 exhibits generally high combining ability and drought resistance, but produces an ear with just 8-12 kernel rows. The F1 individuals of H21 x Nongxi531 were continuously backcrossed with H21 to BC 4 F 1 . A total of 526 BC 4 F 1 individuals were genotyped using 176 SSR markers. As a result, 130 individuals with fewer donor segments and higher genome coverage were selected to self-cross into BC 4 F 4 , to construct a set of 130 CSSLs on an H21 genetic background (referred to as H21CSSLs).
Phenotype and genotype identification
The H21CSSLs was planted in 3 different locations (i.e., 3 different environments) in China between 2010 [(Sanya (18°N, 109°E) in 2010 and Baoding (38°N, 115°E) in 2011)] using a random block design with 3 replications. Twelve plants of each line were planted in a plot with 3.0 m long rows, and the spacing between rows was 0.6 m. H21 was used as a control line, and was planted on the blocks in the first, center and end row, respectively. Seven to 9 plants were selected from each line to evaluate KRN. The plants were scored based on the number of rows of kernels in the middle of ear.
Total genomic DNA from maize leaves was extracted using a CTAB procedure (Saghai-Maroof et al., 1984) . DNA concentration was estimated using a NanoDrop ® spectrophotometer, and then adjusted to 10 ng/µL. The PCR mixture contained template 3 µL DNA (about 30 ng), 1 µL 10 X buffer, 0.75 µL Mg 2+ , 0.25 µL dNTP (2.5 mM each), 0.06 µL Taq (5 U/µL), 0.6 µL primer (5 mM each), 3.74 µL ddH 2 O, and 10 µL mineral oil. The PCR products were mixed with 10 μL loading buffer, and were then electrophoresed on 6% denaturing polyacrylamide gel using 1X TBE running buffer. The DNA bands were visualized by silver staining.
Using the IBM 2008 neighbor genetic map (www.maizegdb.org), 691 markers that are uniformly distributed on the maize genome were selected to evaluate genetic diversity between Nongxi531 and H21. A total of 307 (~44%) polymorphic markers were identified. Of these, 176 markers that are able to amplify stable and well distinguishable bands were used to genotype BC 4 F 1 individuals. The graphical genotypes were used to evaluate the number, size, and location of introgressed segments, the percentage of the recurrent genome coverage (PRC), and the percentage of the recurrent genome (PRG) of each CSSL line (Young and Tanksley, 1989) .
and Young and Tanksley (1989), which is calculated as G(g) = [L + X(g)] / (2L) = 1/2 + (1/2) (X(g) / L), where G(g) is the percentage of recurrent genome coverage in the g-generation, X(g) is the number of molecular markers that are located on the genotype of the recurrent parent in the g-generation, and L is to the total number of molecular markers. Two-factor ANOVA (analysis of variance) was conducted using the software SAS 9.1 (SAS Institute, 2003) , and was used to estimate phenotype variance, correlation coefficient, and heritability. Marker-KRN associations were calculated by the method of single-factor ANOVA, and the mean values of each genotype and P values were obtained for each marker locus. In addition, the QTL for KRN were identified by a likelihood ratio test based on stepwise regression by QTL ICIMapping V3.0 (Wang et al., 2006; Li et al., 2007) , with 1000 times the permutation tests for the threshold logarithm of the odds (LOD). In general, the genetic effect of lines harboring a single QTL substitutive segment is equivalent to its additive effect; however, the genetic effect of double QTL pyramiding lines is composed of the additive effects of every CSSL harboring the substitutive segment from a single QTL and the interaction between these 2 QTL (Zhao et al., 2012) .
RESULTS
H21CSSLs PRG
The PRG of the H21CSSLs ranged from 78.7% to 99.4%, with most having a PRG of 94.0% to 97.0% (96/130 lines) based on the genotype, by using 176 markers spread through the whole genome. The PRG of 2 CSSLs was more than 99.0%, while the PRG of 6 CSSLs was less than 92.0% (Figure 1) . A total of 1277 donor segments were introgressed in the H21CSSLs, with about 10 segments per line. The accumulative size of the introgressed donor segments was ~90486.0 cM, using the IBM 2008 neighbor genetic map as a reference. The size of unique introgressed segments was ~6130.0 cM, and covered 85.8% of the H21 genome in total. Chromosomes 3 and 10 were completely covered by the segments, while chromosome 8 was only 66.7% covered. 
Phenotypic analysis of H21CSSLs
A total of 130 lines of H21CSSLs and both parents (Nongxi531 and H21) were evaluated for KRN in 3 environments. The phenotype was significantly correlated in 3 environments (Table 1) , while the broad-sense heritability for KRN was 75.40%. The means of the KRNs in the H21CSSLs ranged from 9.82 to 11.45 rows in 3 environments, with no significant difference being found compared to H21. This result indicated the presence of a strong background effect, because of the high PRG of H21CSSLs. However, KRN covered from 8 to 18 rows in the H21CSSLs, with differences in the KRN being significant among inbred lines (Table 2 ). This result indicated that the introgressed donor segments of different lines had a markedly different phenotypic effect on KRN. The phenotype data of the KRN in the H21C-SSLs showed continuous variation, and fitted the normal distribution by a Skewness-Kurtosis test, revealing a quantitative trait characteristic, which confirmed that this population was appropriate for QTL mapping. 
QTL mapping
We assumed that the QTL that were mapped to the same genomic regions in different environments represented the same QTL. A total of 47 QTL for KRN were detected by single-factor ANOVA below the threshold of P ≤ 0.001. Of these 47 QTL, 6 were detected in 3 environments and 9 were detected in 2 environments. However, only 11 QTL for KRN were detected by single-factor ANOVA, and were repeatedly detected by stepwise regression analysis at P ≤ 0.01. Eleven QTL were located on chromosomes 2, 3, 4, 6, 7, 8, and 9. The phenotypic variation explained (PVE) by a single QTL ranged from 9.65% to 19.44% (Table  3) . Both qKRN7a and qKRN7b were detected with large additive effects across 3 environments, which could be used to increase number of kernel rows of the maize plant to increase by 1.4 and 1.5 rows, respectively, compared to H21. Both qKRN9a and qKRN9b were repeatedly detected from the Wuhan and Baoding maize plots, with 19.94% and 9.91% PVE, respectively. In addition, all of the QTL showed positive additive effects, except for qKRN8, indicating that the majority of introgressed segments from Nongxi531 harbor favorable alleles compared to the H21 counterparts. These QTL could be used to improve the KRN of H21.
Phenotypic effects of CSSLs harboring donor segments at QTL
The lines that had donor segments at QTL for KRN were selected from the H21CSSLs to evaluate the phenotypic effect of the donor segment across 3 environments. Most of the selected lines showed significantly higher KRN compared to H21, indicating that the phenotypic effects of donor alleles might differ to the H21 counterparts (Table 4 ). The lines that had donor segments at qKRN2, qKRN4c, qKRN7a, qKRN7b, qKRN9a, and qKRN9b could be used to add about 2 kernel rows to the maize plant compared to H21. The lines with donor segments at qKRN4a, qKRN4b, and qKRN6 could add almost 3 rows to the maize kernel. In contrast, the donor segment at qKRN8 decreased KRN compared to H21. Thus, the majority of donor segments at these QTL harbor favorable alleles for enhancing KRN. This finding might be explained by Nongxi531 being a high-KRN inbred line. However, some lines contained more than 2 donor segments, resulting in a strongly positive effect of the donor segment harboring QTL for KRN, which might have been caused by the by complex interaction among donor segments or between the donor segments and the H21 genome. Table 3 . Quantitative trait loci (QTL) for kernel row number detected using H21CSSL and the known mutant genes near these QTL. PVE = phenotype variation explained by QTL. Add = additive effect. <1 M shows the physical distance between QTL and cloned mutant gene is less than 1 million base pairs. ra3 = ramosa 3 (Satoh-Nagasawa et al., 2006) . bd1 = branched silkless 1. (Chuck et al., 2002) . dlf1 = delayed flowering 1. (Muszynski et al., 2006) . tsh1 = tassel sheath 1. (Whipple et al., 2010) . zfl2 = zea floricaula/leafy 2. (Bomblies et al., 2003) . Cg1 = Corngrass 1. (Chuck et al., 2007) . ra2 = ramosa 2 (Bortiri et al., 2006) . Table 4 . Kernel row number (KRN) of those lines with donor segments at quantitarive trait loci (QTL).
**Significance at P < 0.001.
Interaction effect between QTL for KRN
Under a purely additive-dominance model, genotypic value with multiple loci may be predicted by the genetic effect of single factor. However, gene-gene interaction is an important genetic component of complex traits. We selected the lines that harbored 2 QTL introgression segments (double QTL pyramiding lines) from the H21CSSLs, to detect the interactions of 2-locus QTL by comparing double QTL pyramiding lines with single QTL harboring lines and the recurrent parent H21. Four pairs of significant 2-locus QTL interactions were identified (Table 5 ). For instance, qKRN4c showed interactions with 3 QTL; namely, qKRN7a, qKRN9a, and qKRN9b. In addition, qKRN9a also significantly interacted with qKRN9b. The interaction effect of qKRN4c with qKRN9a was 0.86 rows, when the signal-locus additive effect was 0.61 rows and 0.98 rows, respectively; thus, the KRN of the double QTL pyramiding line increased the maize kernel by 2.45 rows compared to H21. Similarly, the interaction effect of qKRN4c with qKRN7a was negative (-0.27 row), while the signal-loci additive effect was positive (0.14 rows and 1.21 rows, respectively); thus, the KRN of the double QTL pyramiding line increased the number of kernel rows by 1.07 compared to H21. This result implied that the genetic effect of the double QTL pyramiding line was not the result of a simple accumulation of the 2 single-locus additive effect. A1 indicates the additive effect of QTL1, A2 indicates the additive effect of QTL2, A1A2 indicates the additive by additive effect. 
DISCUSSION
Effective detection of QTL for KRN using the H21CSSL population A total of 11 QTL for KRN were detected by both single-factor ANOVA and stepwise regression using QTL ICIMapping V3.0. Additional minor QTL were detected by single-factor ANOVA in the H21CSSL population, indicating that the CSSL population could be used to identify both major and minor QTL, because of the high similarity in the genetic background among CSSLs and between each CSSL and H21; thus, confirming the high power of QTL detection by this line. QTL for KRN that were detected in this study were highly consistent with the results of previous studies. For example, a QTL for KRN that was detected by Yan et al. (2006) in the bnlg1064-umc118 interval was similar to qKRN2. In addition, another QTL in umc1173-umc2286 was similar to qKRN4b. A QTL for KRN detected by Tang et al. (2007) in umc2101-bnlg1523 was similar to qKRN3. In particular, both qKRN7b and qKRN9b identified in the current study were also found by Lu et al. (2010) across 7 environments. Zhao et al. (2012) mapped a total of 10 QTL for KRN from 2 introgression line populations, and found that the QTL close to umc1185 was the same as qKRN2. These QTL, which were detected in different populations, indicated that these loci are probably important for controlling the differentiation and formation of KRN in the female inflorescence of maize. In addition, the identification of these QTL provides the basis from which to conduct fine-scale mapping and gene cloning studies.
Differences in loci controlling natural variation of KRN compared to those uncovered using mutagenesis
Twenty-seven developmental genes for inflorescence have been cloned in maize. Most of these developmental genes are involved in loss-of-function alleles, caused by transposon or chemical mutagenesis (Brown et al., 2011) . Upadyayula et al. (2006) identified a set of QTL for tassel branch number, central spike spikelet pair density, kernel number density, kernel row number, kernel number per row, and cob diameter. Some of these parameters were co-located with genes that are known to affect the development of maize inflorescences, such as ramosa1 , ramosa2, thick tassel dwarf1 (Bommert et al., 2005) , and fasciated ear2 (Taguchi-Shiobara et al., 2001) ; however, other genes in the QTL regions were unknown. We found that only a few cloned mutant genes were closely linked with the QTL detected for KRN in this investigation. For example, ramosa3, which is a mutant gene regulating inflorescence branching, is co-localized with qKRN7b. In addition, 7 mutant genes were located within a 10 Mb region of the QTL (Table 3) . Thus, we suggest that loci controlling natural variation of KRN might be identified by mutants in maize. QTL mapping could be used to identify many new genes that contribute to the formation and development of female inflorescence in maize. This suggestion is supported by the results of Brown et al. (2011) from GWAS using a NAM population.
Improvement of H21 KRN by the chromosome segment of Nongxi531
KRN is an important target trait in breeding, and plays a key role in the formation of maize seeds for cereal crop production. H21 is related to Huangzao4, forming an elite inbred line with just 10-12 kernel rows. In this study, the genome segment of Nongxi531, which exhibits 18-20 kernel rows and a high seed-producing percentage, was introgressed into the H21 genome to improve the KRN of H21. Because the Nongxi531 genome contains most of the favorable alleles for KRN, the KRN of many CSSLs tended to increase in comparison to H21. However, the morphological traits of CSSLs were highly similar to H21, because of the high PRG of most lines in the H21CSSLs. This result indicates that the improvement of the H21 KRN was achieved by strict background selection using marker-assisted selection.
Moreover, a phenotype comparison between H21 (q1q1q2q2) and CSSLs with 3 genotypes (Q1Q1q2q2, q1q1Q2Q2, and Q1Q1Q2Q2) revealed that the KRN of the double QTL pyramiding lines significantly increased compared to H21. In addition, the genetic effects of some double QTL pyramiding were larger compared to the sum of the additive effect of the 2 single-loci. Therefore, QTL pyramiding remains an effective strategy for improving KRN. Of note, some QTL were found to significantly affect KRN by additive interaction (Table  5) . Furthermore, many loci that were detected by single factor ANOVA were not detected by stepwise regression analysis in our study because their minor genetic effects may also affect the KRN phenotype through the interaction with other loci or environments. Thus, we suggest that epistasis should be used as an important genetic component for estimating the breeding value of QTL pyramidal lines.
